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Abstract

Background/Aims: Molecular mechanisms underlying the different susceptibility of men

and women to NAFLD are poorly understood. The 77C39B locus encodes a scaffolding

protein, associates with gynecological disorders and its deletion protects mice from diet-induced
steatohepatitis. This study aimed to elucidate the molecular mechanisms linking TTC39B (T39) to
the expression of lipogenic genes and to explore sex-specific effects.

Methods: Co-expression in HEK293A cells validated the novel T39/pRb interaction predicted
by a protein-protein interaction algorithm. T39 was knocked down using antisense oligonucleotide
(ASO) in dietary NAFLD mice with genetic deficiency of pRb or its downstream effector E2F1
and in primary human hepatocytes.

Results: T39 interacts with pRb via its C-terminal TPR domain and promotes its proteasomal
degradation. In female mice T39 deficiency reduces the mRNA of lipogenic genes, especially
Pnpla3, in a pRb- and E2F1-dependent manner. In contrast, in male mice, T39 deficiency results in
a much smaller reduction in lipogenic gene expression that is independent of pRb/E2F1. T39 also
interacts with VAPB via an N-terminal FFAT motif and stabilizes the interaction of VAPB with
SCAP. Ovariectomy abolishes the effect of T39 knockdown on the hepatic pRb/E2F1/Prp/a3 axis.
In both sexes T39 knockdown reduces SCAP independent of pRb. In human primary hepatocytes,
T39 knockdown reduces expression of PNPLA3Zand other lipogenic genes in women but not men.
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Conclusions: We have uncovered a conserved sexual dimorphism in the regulation of hepatic
lipogenic genes with effects of T39 mediated through pRb/E2F1 in females and VAPB/SCAP in
both sexes. T39 inhibition could be a novel strategy to downregulate PNPLA3 and treat NAFLD in
women.

LAY SUMMARY

In females, TTC39B degrades a tumor suppressor in the liver to promote the synthesis of new fat
and expression of a major genetic risk factor for nonalcoholic fatty liver disease. TTC39B is a
potential therapeutic target for nonalcoholic fatty liver disease, especially in women.
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INTRODUCTION

The liver is the most sexually dimorphic metabolic organ [1]. While non-invasive measures
indicate a higher NAFLD prevalence in men, females are more likely to have histologically-
defined non-alcoholic steatohepatitis (NASH) and women over age 50 have excessive risk
of developing advanced hepatic fibrosis [2]. Since the discovery of its association with
hepatic fat and inflammation in 2008, the patatin-like phospholipase domain containing 3
(PNPLAZ3) 1148M variant has emerged as the most common genetic determinant of the
sequelae of NAFLD [3]. Interestingly, PNPLA3 1148M has a greater impact on NAFLD

in women than in men [4, 5]. A deeper understanding of sex-specific differences in
molecular pathogenesis and identifying novel pathways that regulate PNPLA3 expression
could facilitate the development of therapies targeting NAFLD, especially in women.

Cyclin dependent kinases 4/6 (CDK4/6) catalyze the initial phosphorylation of pRb that
inactivates its ability to bind and inhibit E2F signaling. Hepatic CDK4 activity is increased
in insulin resistance and in patients with NAFLD [6, 7]. Consistently, there is elevated £2F1
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MRNA in obese, insulin-resistant individuals [8]. NAFLD features a three-fold increase

in de novo lipogenesis (DNL) and the level of DNL positively correlates with hepatic fat
content [9]. Thus pathways that typically regulate cell proliferation may be recruited in the
control of lipogenesis in insulin resistant livers.

Tetratricopeptide repeat domain protein 39B (T39) is a scaffolding protein that in genome-
wide association studies has been associated with high density lipoprotein (HDL) cholesterol
levels [10], gallstone disease [11], endometriosis [12] and ovarian cancer survival [13].

We showed that mice deficient in T39 have a remarkable protection from diet-induced
steatohepatitis and death [14]. Both genetic deficiency and pharmacological inhibition of
T39 resulted in decreased hepatic lipogenic gene expression and decreased DNL [14,

15]. On a high fat/high cholesterol/bile salt (HF/HC/BS) diet, T39-deficient mice had less
hepatocellular ballooning and fewer inflammatory cell infiltrates along with fewer Ki67-
positive cells in the liver, suggesting decreased hepatocellular proliferation [14]. However,
these studies did not elucidate the link between lipid metabolism and cell proliferation and
possible sex-specific effects. Here we describe a novel set of protein-protein interactions for
T39 mediating its regulation of hepatic lipogenesis and the early pathogenesis of NAFLD
especially in females.

MATERIALS AND METHODS

Experimental animals

Procedures in mice were approved by Columbia University’s Institutional Animal Care
and Use Committee. Studies conformed to the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines.

Additional Methods

RESULTS

Detailed methods, additional assays and statistical analyses are described in Supplementary
Information.

T39 interacts with phosphorylated Rb to promote lipogenic gene expression

We have previously shown markedly decreased expression of Pnp/a3 mRNA in T39-
knockout mice in the postprandial state [14]. In mice treated with a hepatocyte-targeted
N-acetylgalactosamine (GalNAc) T39 ASO and fed a diabetogenic HFSC diet [16], the
Pnpla3-lowering effect of hepatic T39 deficiency was increased (Figure 1A) as insulin
sensitivity became impaired (Supplemental Figure 1A). There was no difference in body
weight or adiposity between hepatocyte-targeted T39 ASO-treated mice and control mice
(data not shown). In contrast to the HF/HC/BS diet which produces actively proliferating
hepatocytes [14], T39 deficiency did not affect hepatic liver X receptor (LXR) target gene
expression (Supplemental Figure 1B) nor hepatic LXRa protein levels (Supplemental Figure
1C) in mice fed the HFSC diet. Proliferating cultured primary hepatocytes from HFSC diet
fed mice did upregulate LXR targets when treated with the T39 ASO (Supplemental Figure
1D), similar to earlier findings [14]. However, T39 suppression in HFSC diet-fed LXRa
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knockout mice led to reduced hepatic lipogenic gene expression (Supplemental Figure 1E).
Therefore, in insulin resistant, quiescent hepatocytes, T39 affects lipogenic gene expression
independently of LXR and likely involves different interacting proteins.

A structure-based algorithm predicted that T39 directly interacts with pRb [17]. This
interaction was verified by co-immunoprecipitation in HEK293A cells expressing epitope-
tagged T39 and pRb, in both anti-T39 (lane 1) and anti-pRb (lane 2) pulldowns (Figure 1B).
In similar experiments T39 did not interact with retinoblastoma-like protein 1 (RBL1/p107)
or RBL2 (p130) (data not shown). The N-terminal domain of pRb is distinct from that

of RBL1 and RBL2, and indeed it is this domain that associates with T39 (Figure 1C).
Structure homology-based modeling [18] of human T39 revealed a putative hydrophobic
concave surface in the TPR domain, featuring D483 (magenta) and F495 (green) residue
deep within the pocket, along with a S509 (blue) and N654 (orange) at the entrance

of the pocket (Figure 1D). To assess their importance in Rb-binding, these residues

were conservatively mutated. F495Y failed to co-1P with the N-terminal domain of pRb,
suggesting the importance of hydrophobicity of the T39 pocket. In contrast, mutating F515
(cyan), which does not face into the pocket, had no effect. The D483E and D483N mutations
abolished the co-IP of T39 with N-terminal Rb, suggesting an important electrostatic
interaction. Notably, D483 is a glutamate residue in the mouse orthologue of T39, indicating
this negative charge is conserved between species. Diminished co-1P of pRb occurred when
S509 and N654 were extended by a single methylene group to become threonine and
glutamine residues, suggesting steric hindrance (Figure 1D). These findings support a direct
interaction of T39 with pRb in which the pRb N-terminal domain binds to a hydrophobic
pocket on the concave face of T39.

While T39 co-immunoprecipitated with pRb in a dose-dependent manner (left three lanes,
Figure 1E), T39 did not co-immunoprecipitate ACDK-pRb, a mutant that has all the serine/
threonine phosphorylation sites mutated to alanine [19] (right three lanes, Figure 1E).

The CDK4/6 inhibitor palbociclib, which prevents pRb phosphorylation, impeded T39’s
interaction with pRb in a dose-dependent manner (Figure 1F). These cell culture data
collectively indicate that T39 interacts specifically with phosphorylated pRb.

To assess the role of CDK4/6-mediated Rb phosphorylation in lipogenic gene expression
and the effects of T39, we treated HFSC-diet fed mice with palbociclib. HFSC diet-fed mice
treated with the T39 ASO had lower hepatic lipogenic gene expression, including Prpla3,
Acaca, Fasn, Gpam and Acly. Palbociclib administration similarly repressed lipogenic genes
in control ASO-treated mice, but had no additive effect in T39 ASO-treated mice (Figure
1G), consistent with the hypothesis that the effects of T39 on lipogenic gene expression are
mediated through its interaction with phosphorylated Rb.

T39 promotes pRb degradation

Co-expression of pRb with increasing amounts of T39 led to decreased recovery of pRb
while the proteasome inhibitor bortezomib markedly increased recovery of both pRb and
coimmunoprecipitated T39 (Figure 2A). T39 levels were not affected by bortezomib when
coexpressed with ACDK-pRb (Supplemental Figure 2A), suggesting that phosphorylated Rb
and T39 are co-degraded as a complex by the proteasome. In a cycloheximide turnover
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study pRb had a half-life of approximately 8-12 h (lanes 1-4, Figure 2B) consistent with

a previous report [20]. T39 overexpression accelerated the decay of pRb (t1/2 < 4 h, lanes
9-12), and this effect was abolished by bortezomib pretreatment (lanes 13-16) (Figure 2B).
The lower levels of Rb at t=0 h likely reflects the effects of T39 on pRb prior to the

addition of bortezomib. Together these findings suggest that T39 increases pRb turnover

by the proteasome. A role for destabilizing pRb has been described for MDM2 [21] and
gankyrin [20], but neither had an impact on T39-mediated pRb degradation (Supplemental
Figure 2B and 2C). As reported [21], we were unable to detect pRb ubiquitination with

or without T39 expression (data not shown). In HFSC diet-fed mice, treatment with the

T39 ASO increased hepatic pRb protein levels by 33% (Figure 2C), while in mice fed the
HF/HC/BS diet, genetic deletion of hepatic T39 was associated with a 41% increase in pRb
protein levels (Figure 2D). The increase in pRb protein was accompanied by a decrease in
its MRNA, consistent with the negative feedback loop mediated by E2F1 binding sites in the
Rb promoter [22]; moreover, the decrease in Rb mRNA was abolished by the proteasome
inhibitor ixazomib (Supplemental Figure 2D). These /n vivo findings are consistent with the
cell culture data showing that T39 facilitates the proteasomal degradation of Rb protein and
suggest that this leads to increased E2F1 activity tending to restore pRb levels.

T39 and pRb regulate hepatic lipogenic gene expression through SREBP-1

To determine if pRb has an essential role in mediating these effects of T39 deficiency

in early NAFLD, we administered AAV8-TBG-Cre to Rb170X/flox mice. In GFP-treated
Rb170xl/fox female mice fed the HFSC diet for 10 weeks, the T39 ASO caused significant
reductions in the hepatic mRNA levels of Pnpla3, Acach, Scdl, Thrsp, and Pcsk9, as
expected. In contrast, in mice with hepatic pRb knockdown, T39 ASO treatment did

not significantly decrease any of these lipogenic genes (Figure 3A). In female mice, the
protein levels of the precursor form of SREBP-1 were reduced by almost 40% while the
transcriptionally active form of SREBP-1 was decreased by 60% by the T39 ASO and the
differences were abrogated by hepatic pRb deficiency (Figure 3B-D), without any alteration
in SrebfI mRNA levels (Figure 3A).

In male mice, administration of the T39 ASO had only moderate effects on lipogenic gene
expression, and these effects appeared to be independent of pRb expression (Figure 3E).
Likewise, the column factor of the two-ANOVA analysis indicated that T39 ASO had a
significant effect to reduce the precursor and mature forms of SREBP-1 regardless of pRb
(Figure 3F—H). These data indicate a major effect of T39 on SREBP-1 precursor and mature
forms and lipogenic gene expression in females that is primarily mediated through pRb,
while suggesting a smaller effect in males that seems to be independent of pRb.

These studies involved a short term HFSC diet to avoid inflammatory responses that may
influence lipogenic gene expression [23]. However, T39 knockdown significantly reduced
expression of Cd9, a hematopoetic cell marker that increases in early NASH [24] in female
but not male mice (Figure 3I), suggesting a possible enhanced hepatoprotective effect of T39
deficiency in early NASH.
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T39 regulates hepatic lipogenic gene expression via E2F1

In the canonical pathway of pRb action, E2F1 is preferentially bound and inhibited by

pRb [25]. The T39 ASO-induced decreases in Prpla3, Acaca, Fasn, Scdl, Thrspand Pcsk9
were abolished in E2F1 knockout mice (Figure 4A). Notably, E2F1 knockout alone reduced
Pnpla3 expression and T39 ASO treatment had no additional effect (Figure 4A) consistent
with a primary effect of E2F1 on Prip/a3 gene expression. Similar to the effects of pRb
knockdown, female T39 ASO-treated wild type mice had lower hepatic levels of both
precursor (Figure 4B and 4C) and mature (Figure 4B and 4D) forms of SREBP-1. These
differences were abolished in £277/~ mice without changes in SrebfI mRNA levels (Figure
4A). Therefore, in female mice, T39 increases hepatic lipogenic gene expression via the
canonical CDK4/Rb/E2F1 pathway by increasing the protein levels of the precursor and
mature forms of SREBP-1c.

In male mice, hepatic lipogenic gene expression and SREBP-1 was not strongly affected
by T39 ASO or E2F1 deficiency (Figure 4E-G). It should be noted however that there
was greater variability in lipogenic gene expression in this experiment than in the pRb
knockdown experiment (Figure 3), probably because the E2F1 knockout mice were on a
mixed genetic background.

T39 knockdown increases PUFA in phosphatidylethanolamine (PE) in an Rb-dependent

fashion

Previous studies have suggested that E2F1 may increase expression of various lipogenic
genes including Srebf1 by binding and increasing enhancer activity [8]. Increased levels of
long chain PUFA decreased SREBP-1 processing and we found an increase in long chain
PUFA in ER phospholipids, especially in phosphatidylethanolamine (PE), in T39 KO mice
[14]. We confirmed a moderate PUFA enrichment in PE with T39 ASO treatment and
showed that this effect was pRb-dependent (Supplemental Figure 3A). Since PNPLA3 has
been shown to affect phospholipid fatty acid saturation [26, 27], we analyzed microsomal
lipids in female Prp/a3™~ mice. Similar to T39 ASO-treated mice, PNPLA3 knockout
mice had moderate PUFA enrichment specifically in PE (Supplemental Figure 3B). Prpla3
deficiency also had a moderate allele dose-dependent effect to reduce expression of hepatic
SREBP-1 targets, including Fasn, Aclyand Mel (Supplemental Figure 3C). Cholesterol has
been shown in cell culture models to affect SREBP-1 processing, but hepatic cholesterol
levels were not affected by the T39 ASO on the HFSC diet (Supplemental Figure 3D).
Therefore, when T39 is knocked down decreases in the mature form of SREBP-1 may be
partly attributed to the increase in PUFA-containing PE secondary to the marked reduction
in Pnpla3 expression.

Conserved sex-specific differences in T39, pRb and PNPLA3 expression

Seeking to understand the sex specific effects of T39 knockdown, we noted that female mice
had higher levels of hepatic 739 mRNA (2.20 + 0.17 AU vs. 1.06 + 0.06 AU) (Figure 5A)
and RbI mRNA (0.44 + 0.03 AU vs. 0.38 £ 0.02 AU) (Figure 5B) compared to males. The
difference was even greater for hepatic pRb protein levels, in which females had 3-fold the
pRDb protein (Figure 5C). Interrogation of the GTex liver gene expression data revealed that
in humans, 77C39B and RBI are similarly higher in females (Supplemental Figure 4) [28],
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which may explain the greater impact of the pRb/E2F1 pathway in females. We discovered
that HFSC diet-fed female mice had almost six-fold higher hepatic Prip/a3 expression than
male mice in both the fasting and postprandial state (Figure 5D). In addition, Pnpla3

is dramatically induced during gestation independent of nutritional status (Supplemental
Figure 4B). This finding is consistent with a previous report in rats [29]. PNPLA3MRNA
was not significantly higher in women compared to men (Supplemental Figure 4A), but this
may be because 75% of the women donors contained in the GTex sample set were aged
60-69 and therefore postmenopausal. Together these findings indicate an important role of
female hormones in the induction of PNPLAS3 expression, independent of nutritional status.

Specific effects of T39 require female hormonal signaling

We next asked whether ovarian hormones affect T39’s impact on lipogenic genes in

females by treating HFSC diet-fed ovariectomized and sham operated mice with T39 ASO.
Ovariectomy attenuated the hepatic pRb protein stabilization effect of the T39 ASO (Figure
5E). Likewise, ovariectomy abrogated the suppressive effect of T39 ASO on hepatic Prp/a3,
Scdl and Pesk9expression (Figure 5F), which were also pRb-dependent genes (Figure

3A). Notably, ovariectomy halved hepatic Prnp/a3 mRNA levels (Figure 5F), suggesting that
ovarian hormones are important for high PNPLAS3 expression in females. The decrease in
lipogenic gene expression created an anti-steatotic phenotype in which T39 ASO decrease
hepatic TG accretion in females (Figure 5G) but not males (Supplemental Data 4C).

T39 regulates SREBP-1 via SCAP

Changes in E2F1-dependent Pnpla3 expression and subsequent effects on phospholipid fatty
acids and SREBP-1c processing do not fully explain the marked reduction in the immature
form of SREBP-1c in response to T39 ASO, nor its moderate effects on lipogenic gene
expression in males which appeared to be independent of pRb/E2F1 (Figure 3E and 3G).
Since reductions in both the precursor and mature forms of SREBP-1 occur in SCAP
knockout mice [30], we interrogated whether T39 affected hepatic SCAP protein levels.

In males (Figure 6A), and to a lesser degree in females (Figure 6B), SCAP protein was
significantly decreased with the T39 ASO. T39’s effect on hepatic SCAP was enhanced

in the postprandial state (Supplemental Figure 5A). There was no associated change in
Scap mRNA (Figure 3A). To facilitate further mechanistic studies, we employed the Huh-7
human HCC cell line. Like the murine liver, Huh-7 cells downregulate lipogenic genes

in response to T39 ASO and E2F1 knockdown (Supplemental Figure 5B). For FASN and
SCD1, E2F1 knockdown abrogated the T39 ASO-mediated decrease. However, the T39
ASO still had a significant lowering effect on PNPLA3 and PCSK9in the presence of

E2F1 siRNA (Supplemental Figure 5B), once again suggesting that T39 promotes lipogenic
gene expression via an additional, pRb/E2F1-independent mechanism. SREBP-1c is the
primary regulator of PNPLA3Z expression in human hepatocyte cell lines [31]. The T39
ASO significantly lowered mature SREBP-1 levels (Figure 6C and 6D). T39 knockdown
decreased SCAP protein (Figure 6C and Figure 6E), also without a corresponding change in
SCAP mMRNA (Figure 6F). Since SCAP also affects SREBP-2, we measured cholesterogenic
enzyme transcripts and found them to be lower in T39 ASO-treated cells in the presence of
bortezomib (Supplemental Figure 5C). The failure to observe changes in cholesterogenic
genes in T39 deficient mice [14] could be due to the use of high cholesterol diets.
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Interestingly, SCAP protein levels were unaffected by proteasomal inhibition and the effect
of T39 knockdown on SCAP was still observable in the presence of bortezomib (Figure 6C
and 6E), suggesting that T39 protects SCAP from a non-proteasomal degradative pathway.

T39 stabilizes SCAP via an interaction with VAPB

A high throughput affinity-purification mass spectrometry study identified the VAMP-
associated protein B (VAPB) as a protein interaction partner of T39, involving VAPB’s
major sperm protein (MSP) domain [32]. We confirmed that T39 interacts with both
overexpressed and endogenous VAPB in HEK293A cells (Figure 6G). VAPB overexpression
adversely affected T39 cellular solubility (data not shown), which may explain why T39
was nearly undetectable in the whole cell lysate input (Figure 6G). The MSP domain binds
proteins via electrostatic interactions with the acidic residues of the FFAT motif. Human
and mouse T39 contain a stretch of acidic residues in the N-terminus. Conservatively
eliminating the negative charge by mutating these residues to asparagine and glutamines
(Aacid) abolished T39’s interaction with VAPB (Figure 6G), but not pRb (Figure 1D),
indicating this is a functional FFAT motif. The T39/VVAPB interaction persisted in the
presence of bortezomib (Figure 6G).

SCAP has been reported to interact with VAPB outside of the MSP domain [33].

Indeed, SCAP co-immunoprecipitated with endogenous VAPB in HeL a cells (Figure 6H),
and this interaction was enhanced with a brief nocodazole treatment that prevents ER-
to-Golgi transport. T39 depletion with the ASO decreased the amount of SCAP that co-
immunoprecipitated with VAPB, particularly in nocodazole-treated cells (Figure 6H). This
suggests that T39 strengthens the SCAP/VAPB interaction in the ER, which may enhance
SCAP stability.

T39 knockdown decreases hepatic lipogenic gene expression in human primary
hepatocytes

Primary hepatocytes from approximately age- and BMI-matched human donors of both
sexes (n=7 each) were treated with T39 ASO, depleting T39 by over 80% (Figure 7A). In
female primary hepatocytes, the T39 ASO significantly reduced PNPLA3 MRNA (Figure
7B), along with mRNA levels of PCSK9, SCD1 THRSP (Figure 7C), but not SREBFI
(Figure 7C). In male hepatocytes T39 suppression did not significantly impact lipogenic
gene expression. The female primary human hepatocytes had over 2-fold higher expression
of PNPLA3 mRNA (Figure 7B) and a trend to higher 77C398 expression. Therefore, in
both humans and mice, antagonizing T39 lowers hepatic lipogenic gene expression more
prominently in females than males.

CONCLUSIONS

We discovered that T39 binds the paradigmatic tumor suppressor pRb via the hydrophobic
pocket in its C-terminal TPR domain to promote the proteasomal degradation of pRb

in proliferating cells, in the liver during the insulin resistance of mild NAFLD, and

in the hepatic proliferative response of advanced NASH. In the postprandial state,
hyperinsulinemia activates CDK4 [34], leading to pRb phosphorylation which renders
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it vulnerable to T39-mediated proteasomal degradation and liberates E2F1 to increase
expression of hepatic lipogenic genes especially Pnp/a3. The induction of Pnpla3by E2F1
amplifies the pro-lipogenic effect of T39 by increasing the saturation of ER phospholipids
to stimulate SREBP-1 processing. The effects of T39 on lipogenic gene expression via
pRb/E2F1 are much more prominent in female mice and in human female primary
hepatocytes. In a parallel pathway that occurs in both sexes, T39 stabilizes SCAP likely
through its interaction with VAPB at its N-terminal FFAT motif. The increased SCAP
abundance preserves SREBP-1 precursor levels and facilitates SREBP-1 transport to the
Golgi for proteolytic activation. In females, the integration of both these pathways augments
the impact of T39 on hepatic lipogenic gene expression. The molecular pathway we

have identified using cell culture and mouse models appears to be relevant to human
pathophysiology: NAFLD patients have higher 77C398 mRNA compared to healthy
subjects [35], while patients whose NAFLD activity score improved in response to lifestyle
intervention had lower hepatic 77C39B expression [36].

Our studies unveil a central role of T39-Rb interactions in mediating the link between

CDK4, E2F1 and hepatic lipogenic gene expression. Studies by Denechaud ef a/ showed that
E2F1 directly promoted enhancer activity of lipogenic genes, including Srebf1 [8]. While

not mutually exclusive, our suggested mechanism places E2F1-mediated induction of Pnpla3
upstream of increased processing of SREBP-1c contributing to increased expression of other
lipogenic gene expression. This model is consistent with increased fatty acid synthesis in
PNPLA3-overexpressing mice [37] and decreased lipogenic gene expression in PNPLA3
ASO-treated mice [38].

With cell culture and /7 vivo evidence, we showed that T39 knockdown also caused a
reduction in SCAP in a posttranscriptional mechanism. In addition to promoting SREBP
processing, SCAP is essential for maintaining SREBP stability through interactions with the
C-terminal domain [39]. A lysosomal degradation pathway has been described for SCAP
[40]. SCAP interaction with VAPB, an abundant ER resident protein, was enhanced when
microtubule-based transport out of the ER was disrupted (Figure 5H). Following SREBP
cleavage, SCAP needs to be recycled by retrograde transport from the Golgi to the ER to
enable it to escort additional SREBP molecules for processing [41]. The decreased SCAP/
VAPB interaction with T39 knockdown could indicate inefficient SCAP recycling leading to
increased SCAP degradation.

The use of inbred mouse strains to study sexual dimorphism should be approached with
caution, as profiling of hepatic lipids in a panel of inbred mouse strains revealed that the
magnitude of sex-specific differences varied widely across strains [42]. However, it should
be noted the directionalities of the differences were conserved across mouse strains, and
we observed a similarly enhanced response to the T39 ASO in female versus male human
primary hepatocytes. Consideration of sexually dimorphic effects could be important in
the development of effective treatments for NASH. For example, the CCR2/5 antagonist
cenicriviroc, which failed to meet the primary outcome overall, reduced fibrosis in men
but not women [43]. The conserved increase in PNPLA3 expression in females of multiple
species and the strong induction of PNPLA3in pregnancy suggests that PNPLA3 may
have an important role in female reproduction. Our studies suggest that a strategy of
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T39 inhibition to lower PNPLA3 1148M expression might be more effective in women.
Alterations in G4/S transition genes occur specifically in female NASH [44], in agreement
with our finding that the T39/Rb/E2F1 pathway plays a more important role in females.
T39-mediated tumor suppressor degradation provides a new paradigm for investigating the
sex-specific pathogenesis of liver diseases.
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HIGHLIGHTS

TTC39B is a scaffolding protein that interacts with and promotes the
proteasomal degradation of pRb.

TTC39B deficiency increases hepatocyte pRb which inhibits E2F1 activity
and lipogenic gene expression in females.

In both sexes, TTC39B deficiency decreases hepatic SCAP protein levels to
posttranslationally inhibit SREBP-1.

TTC39B inhibition could be a novel strategy to target PNPLA3 and treat
NAFLD, especially in women.
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Figure 1. T39 interacts with phosphorylated pRb.
(A) Hepatic Pripla3 expression in mice treated with T39 GalNac ASO and fed (HFSC)

diet for various durations. N= 8 per group, males, **p<0.01 by two-tailed nonparametric
t-test corrected for multiple comparisons. (B) Co-immunoprecipitation of wild type

T39 and wild type Rb, (C) co-immunoprecipitation of T39 and pRb N-terminus, (D)
Co-immunoprecipitation of pRb N-terminus with T39 containing mutations surrounding
the hydrophobic pocket and in the N-terminus with the structural model shown on

top (colored residues are red = D483, green = F495, blue = S509, and yellow =
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F515), (E) Co-immunoprecipitation of T39 and phosphorylation-deficient pRb, and (F)
co-immunoprecipitation of T39 and pRb with palbociclib in subconfluent HEK293A cells.
(G) Hepatic lipogenic gene expression in refed mice fed the HFSC diet for 14 weeks, then
administered palbociclib, n=5 per group, **p<0.05, **p<0.001 by two-way ANOVA with
Sidak’s multiple comparisons test.
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Figure 2. T39 promotes the proteasomal degradation of Rb and destabilizes Rb in vivo.
(A) Anti-pRb pulldown of T39-pRb complexes in HEK293A cells treated with bortezomib.

(B) Cycloheximide turnover study in subconfluent HEK293A cells. (C) Hepatic pRb protein
in refed mice fed the HFSC diet for 10 weeks. N=10 per group, **p<0.01 by two-tailed
t-test. (D) Hepatic pRb protein in refed mice fed the HF/HC/BS diet. N=8-13 per group,
females, **p<0.01 by two-tailed t-test.
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Figure 3. T39 knockdown suppresses hepatic lipogenic gene expression and mature SREBP-1 in
a pRb-dependent fashion.

(A) Hepatic lipogenic gene expression, *p<0.05, **p<0.01, ***p<0.001 by one-way
ANOVA per gene, (B) Representative immunoblots of hepatic SREBP-1 protein, (C)
Quantification of SREBP-1 precursor form from the immunoblot shown in Figure 3B

and (D) Quantification of mature SREBP-1 from the immunoblot shown in Figure 3B,
***n<0.001 by two-way ANOVA with Sidak’s multiple comparisons test where the column
factor is T39 in refed female R62™7 mice administered AAV8-GFP or AAV8-TBG-Cre then
fed the HFSC diet for 10 weeks, n=9-10 per group. (E) Hepatic lipogenic gene expression,
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*p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA per gene, (F) Representative blots
of hepatic SREBP-1 protein, (G) Quantification of SREBP-1 precursor form from the
immunoblot shown in Figure 3F and (H) Quantification of mature SREBP-1 from the
immunoblot shown in Figure 3F, *p<0.05, **p<0.01 by two-way ANOVA with Sidak’s
multiple comparisons test where the column factor is T39 ASO in refed male Rb1™1
mice, n=10-11 per group. (I) Hepatic Cd9 mRNA expression in refed mice of both sexes.
N=9-11 per group, **p<0.01, ****p<0.0001 by two-way ANOVA with Sidak’s multiple
comparisons test.
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Figure 4. T39 knockdown suppresses hepatic lipogenic gene expression and mature SREBP-1 in
an E2F1-dependent fashion.

(A) Hepatic lipogenic gene expression, n=11-17 per group, *p<0.05, **p<0.01, ***p<0.001
by one-way ANOVA per gene, (B) Representative immunoblots of SREBP-1 protein, (C)
Quantification of SREBP-1 precursor form from the immunoblot shown in Figure 4B and
(D) Quantification of mature SREBP-1 from the immunoblot shown in Figure 4B, n=11-13
per group, *p<0.05 by two-way ANOVA with Sidak’s multiple comparisons test in refed
female E2F1 knockout mice and wild type littermates fed the HFSC diet for 10 weeks. (E)
Hepatic lipogenic gene expression, n=12-23 per group, *p<0.05, ****p<0.0001 by one-way
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ANOVA per gene, (F) Hepatic expression of SREBP-1 precursor form and (G) mature
SREBP-1 based on immunoblotting, n=12 per group in refed male E2F1 knockout mice and
wild type littermates fed the HFSC diet for 10 weeks.
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Figure 5. Hormonal dependence of T39’s effect on hepatic lipogenic genes in females
(A) Hepatic 739and (B) Rb1 expression in male and female mice fed HFSC diet in the

refed state, n=26-34 per group, ****p<0.001 by Mann-Whitney test. (C) Hepatic pRb
protein expression in male and female mie fed the HFSC diet for 10 weeks, n=9-11 per
group, *p<0.05 by Mann Whitney U-test. (D) Hepatic Prp/a3 expression in male and
female mice fed HFSC diet in the fasting and refed state, n=5-9 per group, **p<0.01,
***p<0.001, ****p<0.001 by two-way ANOVA with Sidak’s multiple comparisons test. (E)
Hepatic pRb protein level, (F) hepatic gene expression and (G) hepatic triglyceride content
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of refed ovariectomized or sham-operated female mice fed HFSC diet for 10 weeks, n=10
per group, *p<0.05, **p<0.01 and ***p<0.001 by two-way ANOVA with Sidak’s multiple
comparison’s test where the column factor is T39 ASO.
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Figure 6. T39 knockdown posttranslationally decreases SCAP in both males and females
(A) Hepatic SCAP protein levels of refed male (n=10-11 per group) and (B) female (n=8

per group) R61™"f mice administered AAV8-GFP or AAV8-TBG-Cre then fed the HFSC
diet for 10 weeks. (Top) representative immunoblots and (bottom) quantification, *p<0.05
by two-way ANOVA with Sidak’s multiple comparisons test where column factor is T39
ASO. (C) Immunoblot of SREBP-1 and SCAP protein expression with (D) Quantification
of mature SREBP-1 protein, (E) Quantification of SCAP protein and (F) SCAP mRNA
levels in Huh-7 cells treated with bortezomib for 3 h in complete media (10% FBS), n=4
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per group, *p<0.05, **p<0.01, ***p<0.001 by two-way ANOVA with Tukey’s multiple
comparisons test. (G) Co-immunoprecipitation of T39 and VAPB in HEK293A cells
expressing WT T39 or T39 containing mutations of the acidic residues of the N-terminus
(Aacid). (H) Co-immunoprecipitation of VAPB and SCAP in HeLa cells with/without 1 uM
nocodazole.

J Hepatol. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hsieh et al.

A

TTC39B mRNA (AU)

PCSK9 mRNA (AU)

Page 27

TTC39B B PNPLA3
p=0.13 ek
2.0 2.5—
o control ASO 5 \:,
15 ¢ T39ASO <™
E 1.5—
1.0— £ i
- 1
o5 Sk kel I
% 0.5
| * o |
males females males females
PCSK9 scD1 THRSP
2.0 *%k 3— * — *%
& = o\. % 6— =)
1577 $ 2— 8’ 0\. i’
< * -.|— ] 4
1.0 % E o\' é 4 O/. E
o— g 'JE‘ 0—e -
— b 2— 'y
s B Y = 8
| T 0 | | % : | | ?
males females males females males females

2.0

1.5—

1.0—

SREBF1

“
e

[ I
males females

Figure 7. Enhanced suppressive effect of T39 knockdown on lipogenic gene expression in female

human hepatocytes.

(A) TTC39BmRNA, (B) PNPLA3mMRNA and (C) lipogenic gene expression in primary
hepatocytes from approximately age- and BMI-matched donors treated with T39 ASO. N=7

per sex, *p<0.05, **p<0.01, ***p<0.001 by paired t-test.
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